We study the dark matter (DM) direct detection for the models with the effects of the isospinviolating couplings, exothermic scatterings, and/or the lightness of the mediator, proposed to relax the tension between the CDMS-Si signals and null experiments. In the light of the new updates of the LUX and CDMSlite data, we find that many of the previous proposals are now ruled out, including the Ge-phobic exothermic DM model and the Xe-phobic DM one with a light mediator.
I. INTRODUCTION
Although the existence of dark matter (DM) has been firmly established by many astrophysical and cosmological observations [1, 2] , its particle nature remains a great mystery in modern particle physics. The leading DM candidate, the so-called weakly interacting massive particle (WIMP) [3] [4] [5] , may be directly detected by its interactions with ordinary matter [6, 7] . The possible signal for such interactions would be some nuclear recoils with energies of O(keV) deposited in the detector.
In the recent years, several DM direct detection experiments have reported potential signals for light WIMPs with masses around 1 ∼ 10 GeV, including DAMA [8, 9] , CoGeNT [10] [11] [12] [13] [14] , CRESST-II [15] and CDMS-Si [16] , while other experiments, such as LUX [17, 18] , SuperCDMS [19] , CDMSlite [20, 21] , XENON10 [22] , XENON100 [23, 24] , CDEX [25, 26] and PandaX [27, 28] , have only presented null results. In order to reconcile the conflicts among the experiments, several mechanisms have been discussed, among which the isospinviolating interactions [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] , exothermic scatterings [40] [41] [42] [43] [44] [45] [46] and the light WIMP-nuclus mediators [47, 48] are the three main proposals. In particular, after the releases of the 2013 LUX [17] and 2014 SuperCDMS [19] data, it was found [33, 45, 46, 49, 50] that any of the single aforementioned mechanisms could not account for the inconsistencies in the DM direct searches, whereas only the combinations of two mechanisms above could totally or partially relax the tensions, such as the exothermic DM with the Xe-phobic [45] or Gephobic [46] interactions, and the Xe-phobic DM with a light mediator [47] . Recently, since the LUX [18] and CDMSlite [21] collaborations have updated their new measurements of the WIMP-nucleus recoil spectra, it is necessary to investigate the viability of the previous proposals in the light of new data. It is also interesting to explore some new schemes, such as the exothermic DM with nuclear scatterings mediated by a light particle with or without isospin-violating couplings, which has not been considered so far in the literature. Note that there are many proposals based on the general effective operators [50] [51] [52] [53] [54] [55] [56] , aimed to comprehensively assess the compatibility of the positive signals and exclusion limits given by different experiments. Furthermore, it has been pointed out in Ref. [43] that the doubledisk DM model [57, 58] has the potential to improve the situation through the variation of the DM velocity distribution in our Galaxy. In this paper, we concentrate on DM models with two-component WIMPs interacting with the detector nuclei via a dark photon, which could give a natural framework to incorporate the three mechanisms: the isospin-violating couplings, exothermic scatterings and a light mediator. We note that our specific model is chosen to illustrate the possible tendency for the DM direct search, while the similar low-energy behaviors could be extended to some general DM models.
The paper is organized as follows. In Sec. II, we present the general framework for our DM models. In Sec. III and Appendix A, we show our fitting methods for CDMS-Si, DAMA, and CoGeNT, and the procedures to obtain the exclusion limits for several relevant null experiments. In Sec. IV, we display our numerical results for our WIMP models with the several combined mechanisms. Finally, we summarize our main results in Sec. V.
II. GENERAL FRAMEWORK FOR DARK MATTER DIRECT DETECTION
In the DM direct detection, one tries to measure the recoil energy deposited by the interaction of a WIMP particle with a nucleus in the detector [6] . As mentioned in Introduction, there have been several mechanisms invented to reconcile the tension between the positive signal in CDMS-Si and other null experiments, including the isospin-violation couplings [32] , DM down-scatterings [41] [42] [43] [44] , and the introduction of a light mediator [47] . In the present paper, we would like to provide a unified framework to incorporate all these three effects, which is the variation of the isospin-violating DM model with a light dark photon proposed in Refs. [36-39, 44, 45] .
A. The Benchmark Dark Matter Model
For concreteness, we assume that DM in our Universe is composed of two Majorana fermionic WIMP particles, χ H and χ L , with a small mass difference denoted by δ ≪ m H/L .
The scattering of a WIMP particle to a nucleus in the detector is mediated by a light dark photon φ with its mass m φ . Due to their Majorana nature, the two WIMP particles can only couple to the dark photon off-diagonally in the mass basis via the interaction:
resulting that the elastic scatterings between WIMP particles and nucleons appear at oneloop order and the inelastic scatterings would dominate the WIMP-nucleon interactions [45] .
We also assume that the dark photon couples to the SM quarks via the vector current −f V/ φq. Note that this choice of the couplings would only lead to the spin-independent DM direct detection signals.
Generically, one expects that the two WIMP particles both carry half of the DM relic density in our Universe, so that we have two scattering processes: the up-scattering from the lower-energy state χ L to its higher-energy partner χ H , and the down-scattering from χ H to χ L . However, it has been pointed out in Ref. [41] that only the high-velocity tail of the dark matter distribution in our galaxy has the enough energy to up-scatter. As a result, the down-scattering dominates the WIMP-nucleon event rates. In the following discussions, we will concentrate on the WIMP down-scattering off a target nucleus T as
Due to the rest mass change of the WIMP particles, the required minimum velocity to produce a nuclear recoil of the energy E nr is
where m T denotes the mass of a target nucleus, µ χT = m χ m T /(m χ + m T ) represents the reduced mass of the WIMP-nucleus system, and δ = m L − m H < 0 is for exothermic DM scatterings following the convention in the literature [41, 42, 44] .
Note that when the mediator mass m φ is much larger than the 3-momentum transfer q = |q| = |p 3 − p 1 | in the WIMP-nucleus scattering, the interaction between the WIMP and a nucleon N = (p, n) can be effectively described by the local operator, given by
where the Wilsonian coefficient c N can be derived from more fundamental parameters f V χ and f V q . However, such a description is no longer valid when the value of m φ is comparable to or even smaller than the typical momentum transfer q. As discussed in Refs. [47, 48] , the appropriate effective operator should be formulated as
in which the lightness of the dark photon is accounted for by its complete propagator.
Consequently, the differential cross section of the WIMP-nucleon cross section can be written as [47] 
where µ χN is the nucleon-WIMP reduced mass,σ N is the reference cross section defined at the typical velocity v ref = 200 km · s −1 , and G(q 2 , v) at the cross section level is defined by
which reflects the deviation from the standard point-like interaction of Eq. (4) [47] , so that G(q 2 , v) can be reduced to the following simple form:
Usually, q 2 min is too small compared to other scales in the formula, so we effectively choose it to be zero for simplicity. It is also evident that, when the mediator becomes heavy, i.e., m 2 φ ≫ q 2 and q 2 ref , the factor G approaches unity, so that we recover the conventional WIMP-nucleon cross section for contact interactions.
With the modifications above, the spin-independent WIMP-nucleus differential cross section can be expressed as
where A (Z) is the mass (atomic) number of the target, ξ is the coupling ratio between the neutron and proton, and F T (q 2 ) is the nuclear form factor taken as the conventional Helmi form [7] :
where s = 0.9 fm and r is the effective nuclear radius, given by [7] ,
with c = 1.23A 1/3 − 0.60 fm and a = 0.52 fm. If ξ = 1, then the WIMP particles couple to the nucleon universally as the conventional isospin-conserving DM. However, when ξ = 1, the interaction strengths of WIMPs with a proton and a neutron are distinctive, realizing the so-call isospin-violation DM [30] [31] [32] [33] [34] [35] [36] . In particular, when ξ = −0.7, the constraints from direct search experiments with the liquid xenon target are weakened maximally, while when ξ = −0.8, the germanium detector would lose its sensitivity mostly. In the literature, the above two classes of models are usually called the "Xe-phobic" [45] and "Ge-phobic" [46] DM, respectively. It is shown in Refs. [36] [37] [38] that such isospin-violating WIMP interactions can be achieved via the kinetic and mass mixings between the dark photon and Standard
Model U(1) gauge fields, as well as direct couplings of the dark photon with SM quarks.
Note that we only focus on the direct detections for the benchmark WIMP model with a dark photon in the present paper. For other aspects of the model, we expect that the phenomenologies are similar to those discussed in Refs. [36] [37] [38] , especially for the generation of the DM relic abundance in the Universe. Furthermore, we remark that our direct detection results can actually be applied to other scalar or fermionic WIMP models corresponding to the generalized type-I effective operators defined in Ref. [47] , since they would give rise to the same factor G(q 2 , v) in Eq. (8) in the non-relativistic limit.
B. Recoil Rates in Dark Matter Direct Searches
The differential recoil event rate per unit detector mass for only one isotope T is given by:
where ρ χ = 0.3 GeV/cm 3 is the local DM energy density, and we have transformed the dependence of the momentum transfer q 2 to the experimentally measured recoil energy E nr via the relation E nr = q 2 /(2m T ). For the present model, the only WIMP velocity dependence in the differential cross section dσ T /dq 2 is proportional to 1/v 2 , so that the information of the DM velocity distribution is included in the factor η(E nr , t) defined as
which has the natural interpretation of the mean inverse speed of the WIMP particles in the local Earth frame, with the minimum velocity v min for the integration taken as in Eq. (3) to account for the inelastic nature of scatterings.
For the DM velocity distribution f G (v) in our Galaxy, we follow the Standard Halo Model (SHM) [34, 59] , which is assumed to be a truncated Maxwell-Boltzmann distribution with a cutoff at v esc = 544 km/s [60] , given by
where v 0 = 220 km/s is the mean DM velocity relative to the Galaxy, v esc is the Galactic escape velocity, and N esc is the normalization factor, given by
with z ≡ v esc /v 0 . By taking into account the motion of the Earth relative to the Galactic halo rest frame with the speed of v e , the observed WIMP velocity distribution should be obtained through a Galilean transformation
Due to the motion of the Earth around the Sun, we can write v e as
where ω = 2π/year, cos γ = 0.51, v ⊙ = 232 km/s is the Sun's motion with respect to the WIMP component rest frame, and v orb = 29.8 km/s is the Earth orbital speed. With this WIMP velocity distribution, the mean inverse speed η(E nr , t) can be analytically computed:
where
For different DM direct detection experiments, the measured signals of s can be vastly different, such as the prompt scintillation signal S1, the ionization charge signal S2, the phonons released, the electron equivalent energy E ee , and so on. However, all these signals can be related to the WIMP nuclear recoil energy E nr via some definite function s = f s (E nr ).
In general, the recoil rate per unit mass in terms of these observables can be written as [34, 47] 
where ǫ(s) denotes the efficiency of detecting a signal s, and Φ(f s (E nr ), s 1 , s 2 ) is the response function corresponding to the probability of observing a signal
given an energy E nr . By assuming that the measured value of the signal is normally distributed around f s (E nr ) with the standard deviation σ(s) which is the resolution given by the experiment, we can obtain the analytical expression for Φ as follows:
When the target material of a detector is composed of multiple elements or isotopes, the total event rate is given by
where R i denotes the rate for the element/isotope i and f i is its mass fraction. In our discussion, we use the isotope number abundances for various elements listed in Table II of Ref. [32] to calculate the isotope mass fractions in a detector. Finally, by multiplying the exposure Ex given by different experiments, we can obtain the expected number of recoils
C. Annual Modulation
Due to the motion of the Earth around the Sun, the nuclear recoils of WIMPs in the detector would experience an annual modulation [59, 61] , which is one of the key signals in the DM direct detection. For the SHM considered here, such modulations can be approximated to be [34] :
Usually, experiments such as DAMA [8, 9] and CoGeNT [13] often give the data for the average amplitude over some range [E 1 , E 2 ], given by
III. SIGNALS AND CONSTRAINTS
In the recent decades, there have been numerous DM direct detection experiments to search for WIMP signals. Some of them have reported positive signals for light WIMPs such as DAMA [8, 9] , CoGeNT [10] [11] [12] [13] [14] , CRESST-II [15] , and CDMS-Si [16] , while others have only presented the exclusion limits on the WIMP-nucleon cross section, including LUX [17, 18] , SuperCDMS [19] , CDMSlite [20, 21] , XENON10 [22] , XENON100 [23, 24] , CDEX [25, 26] , PandaX [27, 28] , and so on. Presently, the most stringent constraints come from the data of SuperCDMS [19] , CDMSlite [21] , and LUX [17, 18] for low-mass WIMPs, which strongly conflict with the signal regions derived from DAMA and CoGeNT. Moreover, the CRESST-II positive result in Ref. [15] has not been confirmed by the more recent data [29] of the same CaWO 4 detector. In addition, as pointed out in Refs. [45] [46] [47] , only the CDMS-Si dataset has been found to be marginally consistent with the LUX 2013 [17] and SuperCDMS [19] ones with the Xe-phobic or Ge-phobic interactions. With the recent updates by LUX [18] and CDMSlite [21] , it is necessary to look into if this conclusion is still valid or not. Therefore, we focus on the compatibility of the CDMS-Si signal region and constraints from LUX and CDMS experiments in the light of these new datasets, with the analysis details collected as follows:
CDMS-Si
The CDMS-Si experiment [16] has measured both ionization electrons and phonons in its silicon detector with the raw exposure of 140.2 kg-days, and observed three candidate events of recoil energies at E nr = 8.2, 9.5, and 12.3 keV, respectively, in the benchmark energy range 7 ∼ 100 keV. Following Ref. [33] , we bin the data in 2 keV intervals, so that the three candidates lie in the first three bins. We adopt the efficiency for the data selection shown as the solid blue curve in Ref. [16] , and assume the resolution to be perfect. From the rescaled background distributions from Page 10 of Ref. [62] , we get that the backgrounds from surface events, 246 Pb and neutrons are 0.41, 0.13 and 0.08 events, respectively. In order to obtain the best-fit regions, we maximize the log of the extended likelihood function [63] constructed as
where B(N) is the total expected number of signal (background) events in the whole recoil energy range, and (dN(B)/dE nr ) i the corresponding differential event rate at the i-th bin.
The allowed parameter space regions at 68% and 90% C.L. are obtained with the contours satisfying 2∆ ln L = 2.3 and 4.6, respectively.
SuperCDMS
SuperCDMS experiments [19] measure the ionization and phonon signals simultaneously, and they can effectively reject the background electric recoil events and enhance the sensitivity to the low-mass WIMP searches. We consider the low-energy data [19] in the range of 1.6 ∼ 10 keV nr with the exposure of 577 kg-days. The cumulative efficiency is taken as the red curve in Fig. 1 of Ref. [19] , which is the efficiency after various data-selection criteria. We obtain the 90% C.L. exclusion limits on the spin-independent WIMP-nucleon cross section based on the p Max method [64] with a perfect energy resolution and no background subtraction, which, from our perspective, is very similar to the optimum interval method adopted by the SuperCDMS Collaboration.
CDMSlite
We use the CDMSlite data shown in Fig. 3 of Ref. [21] to obtain the constraint for the spin-independent cross sections. The experiment is very sensitive to the low-mass region due to its low threshold. The nuclear-recoil (NR) energy E nr is related to the measured electron-equivalent energy E ee via the transformation:
where the voltage bias V b = −70 V, and the average energy to produce a electron-hole pair in germanium is ǫ γ = 3 eV/pair. Following the Lindhard model [65, 66] , the ionization yield for NRs is given by
where k = 0.157, g(ǫ) = 3ǫ 0.15 +0.7ǫ 0.6 +ǫ, ǫ = 11.5E nr (keV)Z The total signal efficiency can be read out from Fig. 1 of Ref. [21] . The resolution of the detector is obtained by extrapolating the resolutions 0.10, 0.03, and 0.018 keV ee of the three 71 Ge electron-capture peaks at 10.37, 1.30, and 0.16 keV ee , respectively, which are given in Table I of Ref. [21] . In the present paper, we exploit the p Max method [64] with no background subtraction to obtain 90% C.L. upper limits for spin-independent WIMPnucleon cross sections with different WIMP masses.
LUX2013
The LUX experiment uses a dual-phase xenon time-projection chamber which measures both the primary scintillation light S1 and ionization charge S2. The exposure of the LUX2013 data in Ref. [17] is 118 kg × 85.3 live days. Following Ref. [67] , the event number in the signal range S1 ∈ [S1 a , S1 b ] is given by:
with the average expected number of photoelectrons ν(E nr ) for the nuclear recoil energy E nr to be
where L eff is the energy-dependent scintillation efficiency of the liquid xenon, L y the light yield, and S nr (S ee ) the nuclear-(electron-)recoil quenching factor. We adopt the energydependent absolute light yield, L eff L y S nr /S ee , from the slide 25 in Ref. [68] , with a hard cutoff at 3 keV. For the DM detection efficiency ǫ(S1), we interpolate the black-upwardtriangle curve in the lower panel of Fig. 1 in Ref. [17] , as used by the LUX Collaboration in its profile likelihood analysis. An additional S2 efficiency ǫ S2 (E nr ) = Θ(E nr − 3keV) is taken into account.
Note that only one event at (S1, log(S2 b /S1)) = (3.2, 1.75) marginally passes the mean of the Gaussian fit to the simulated WIMP nuclear recoil data in the S1-log(S2 b /S1) plane, which is the solid red curve of Fig. 4 in Ref. [17] . In our work, we set the 90% C.L. upper limits by performing the simple maximum gap analysis [64] for the signal region of 2-30 phe and taking this single candidate event into account.
LUX2015
Recently, the LUX Collaboration has updated the WIMP direct search in Ref. [18] . In this new data analysis, the LUX Collaboration has calibrated the photomultiplier tube (PMT) signals for both the scintillation photons and ionization electrons in units of detected photons (phd), rather than the photoelectrons used in the first analysis [17] . In addition, the new analysis made the advantages of the lowered thresholds, more stringent energy cutoffs, larger exposures, and better signal resolutions, so that even stronger spin-independent WIMPnucleon cross sections could be placed in the low WIMP mass region. The exposure is 154.4 kg × 95.0 live-days, and the nuclear recoil energies can be calibrated down to 1.1 keV, with the highest endpoint at 18.6 keV.
In our work, we apply almost the same method as that for the LUX2013 dataset by approximating the event number in the signal range S1 ∈ [S1 a , S1 b ] in Eq. (28) . For the S1
signal in terms of units of phd, we obtain the number of photons n γ for the NR energy E nr with the photon yield given in the middle plot of Fig. 1 in Ref. [18] , and then transform it into S1 with the relation S1 = g 1 n γ through the LUX-specific gain factor g 1 = 0.117 phd.
The resolution for the LUX experiments is σ PMT = 0.2 phd. For the detection efficiency, we adopt the one shown as the black solid curve in the bottom plot of Fig. 1 in Ref. [18] . We also take into account an additional efficiency of 97.5% due to the pulse-identification. The benchmark signal region is chosen as that below the red solid line in Fig. 2 of Ref. [18] , with the assumption of 50% efficiency [50, 56] . By construction, this assumption is well-motivated for large DM masses, while it undercounts the signal events at the low mass region, so that the obtained upper limits are conservative. In our numerical calculation, we perform the Poisson statistics test to give the 90% C.L. upper bounds by assuming that there is not any candidate event in the signal region, due to the fact that the data after cuts agrees with the background-only model very well.
For comparison, we also take into account the DAMA [9] and CoGeNT [12] signal regions as well as the WIMP exclusion limits from XENON10 [22] , XENON100 [23] and CDEX-1 [25] , with the analysis details listed in Appendix A. Since these experiments are not our main focus, we only present their results for the reference WIMP model with the isospinconserving elastic point-like nuclear scatterings, as well as some cases when the models have the potential to reconcile the tension between CDMS-Si and null results from LUX,
IV. FITTING RESULTS
In this section, we present our results for different WIMP models, which combine the effects of the isospin-violating couplings, exothermic scatterings, and the lightness of the mediator. We first discuss the conventional spin-independent WIMP model with isospinconserving elastic scatterings via a contact interaction. The result is shown in Fig. 1 , which includes the fits to the DAMA [9] , CoGeNT [12] , and CDMS-Si [16] datasets, as well as constraints from LUX [17, 18] , SuperCDMS [19] , CDMSlite [21] , XENON10 [22] , and XENON100 [23] . It is evident that the most stringent constraints for the CDMS-Si regions of interest come from SuperCDMS [19] , CDMSlite [21] , and LUX [17, 18] . In particular, the recent improvement by LUX in the sensitivity of the low-mass WIMP region has made the tension with the CDMS-Si signals more severe.
Note that after the releases of the LUX2013 [17] and SuperCDMS [19] data, it was found [33, 45, 46, 49, 50] that any single mechanism from the isospin violation, exothermic interaction, and a light mediator could not reconcile the tension any more, so that several combinations were exploited to make the CDMS-Si signal region compatible with other null experiments, such as the Xe-phobic exothermic DM in Ref. [45] , the Ge-phobic exothermic DM in Ref. [46] , and the Xe-phobic elastic DM with a light mediator in Ref. [47] . However, as illustrated in Fig. 1 , the recent results from LUX [18] and CDMSlite [21] improve the sensitivity to low-mass WIMPs significantly, which clearly put additional challenges to the existing reconciliation mechanisms. Therefore, it is timely and necessary to revisit the above DM models in the light of the new LUX and CDMSlite data. We also want to study the compatibility of the above experiments in the context of an isospin-conserving/isospinviolating exothermic WIMP model with the nucleon scattering induced by a light mediator, which has not been explored yet.
A. Exothermic DM with Isospin Violation
The isospin-violating couplings [30] [31] [32] [33] 35] and the exothermic scatterings [40, 41] have been the two most popular methods to ameliorate the tensions in the direct detection exper- iments, while the combination of these two effects has been proposed to make the CDMS-Si signal [16] consistent with the LUX [17] and SuperCDMS [19] constraints. Typical models in this class contain exothermic Ge-phobic [46] and Xe-phobic [45] WIMPs, which will be studied in detail in the present subsection. Fig. 2 shows the results for the two models with the typical parameter choices, which incorporate the 2015 data from LUX and CDMSlite experiments. Note that we only consider the cases with the mass splitting between two WIMP states to be δ = −200 keV. It is well-known [42, 44, 46] that the further enlargement of the mass splitting would worsen the fitting since not all the three observed events could be contained in the corresponding NR energy range.
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Legend is the same as Fig. 2 but for Xe-phobic WIMP with a light mediator with its mass m φ = 1 MeV.
B. Xe-phobic DM with a Light Mediator
It has been pointed out in Ref. [47] that a light mediator would enhance the energy spectrum of the WIMP-nucleus recoil rate at the low-energy region favored by the CDMS-Si data, and suppress the sensitivity for high-energy NR events strongly constrained by the SuperCDMS and LUX2013 data. Together with the Xe-phobic interactions for ξ = −0.7, the model could partially relax the tension of the CDMS-Si, SuperCDMS and LUX2013 data. Note that the enhancement would saturate maximally when the light mediator mass becomes below the typical energy thresholds of O(10) MeV, while it would be effectively turned off for the mediator mass larger than 200 MeV. Therefore, we only consider the case with M φ = 1 MeV in the present subsection. However, as shown in Fig. 3 , such a mechanism cannot work under the constraint from the LUX2015 data, which excludes the whole CDMSSi 90% region of interest. This result is understandable in that, even though the Xe-phobic isospin-violating parameter ξ = −0.7 significantly weakens the LUX WIMP search ability, the xenon-based detector does not lose its sensitivity totally, due to the distribution of isotopes in the detector material. The recent upgrade of the low-energy threshold by LUX further pushes this residue sensitivity even higher. 1.0E-40
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1.0E-37 It is seen from Fig. 4 that, for all the models, the CDMS-Si signal region is strongly disfavored by the SuperCDMS and LUX2015 data, with the most stringent exclusion limit curve from LUX. Therefore, we conclude that the idea of the exothermic DM with NRs induced by a light mediator is not possible to reduce the tensions among experiments, no matter how we choose the mediator mass m φ and mass gap δ in the dark sector.
D. Isospin-Violating Exothermic DM with a Light Mediator
Finally, we investigate the models which open simultaneously the aforementioned three effects: isospin-violating couplings, exothermic WIMP-nucleus scatterings, and the lightness of the mediator. We find that, compared with the isospin-violating exothermic WIMP models, the extra momentum transfer dependence due to the light mediator will generally improve the compatibility of the CDMS-Si signals with other null experiments, but the effect is only mild. Two typical examples are presented in Figs. 5 and 6. SuperCDMS even for these two optimum cases.
V. CONCLUSIONS
We have studied the direct detections of WIMP particles with the spin-independent WIMP-nucleus interactions, and extensively examined the models which involve the isospin- couplings consistent with all existing datasets, with the LUX2015 data usually providing the strongest constraint. In particular, we have found that the Ge-phobic exothermic DM model in Ref. [46] and a type of Xe-phobic DM model with a light mediator in Ref. [47] are now ruled out up to at least 90% C.L. For the models with the exothermic scatterings and the light mediator effect, we do not obtain any parameter space that is compatible with the CDMS-Si 90% C.L. region of interest and satisfies the other experimental limits. The only available model is the Xe-phobic exothermic DM one with or without a light mediator.
When the exothermic mass gap is relative small with δ = −50 keV, the 68% contour is only LUX, SuperCDMS and CDMSlite.
Another kind of constraints comes from the collider searches with the possible signatures as missing transverse energies plus some visible states, such as a mono-photon, mono-Z and mono-gluon. However, such investigations depend on the particular couplings between DM and SM particles and the mass of the mediator. For a heavy mediator, the limit on the spin-independent DM-nucleon cross section is typically of σ N ∼ O(10 −40 ) cm 2 [43, 69] . But if the mediator is light, especially when m φ < 1 GeV, the limit is expected to be weakened significantly [69] .
Besides the particular effective operator in Eq. (5), which belongs to the more general Type I operators in Ref. [47] , there are other classes of extended spin-independent effective operators [47] with different momentum dependences. Furthermore, the studies in Refs. [50] [51] [52] [53] [54] [55] [56] have defined more general effective operators beyond the simple spin-independent and spin-dependent models, which contain more WIMP-nucleus interactions and nuclear response functions. Clearly, it is interesting to investigate the effects of the WIMP mass gap and the light mediator for these operators too, along with the recent LUX and CDMSlite data.
Appendix A: Analysis details for some relevant experiments
This appendix summarizes our analysis details for some relevant experiments, such as the 90% C.L. signal regions from DAMA [9] and CoGeNT [12] , as well as the XENON10 [22] , XENON100 [23] and CDEX-1 [25, 26] 90% C.L. upper limits.
DAMA
The DAMA/LIBRA experiments [8, 9] have used highly radio pure NaI(Tl) scintillators as detectors aimed to search for the WIMP annual modulation signature, detecting the first positive signal with the C.L. as high as 8.9 σ. Following Eq. (24), the total modulation amplitude for DAMA over the interval [E 1 , E 2 ] is given by
where c T represents the mass fractions of the nuclei T = Na and I and Q T is the quenching factor. In our work, we use Q Na = 0.3 and Q I = 0.09. We consider the DAMA2010 data, given in Fig. 6 of Ref. [9] , and perform the simple minimum χ 2 fitting to the data with all 36 bins, corresponding to energies from 2 to 20 keV. The resolution is taken to be
and the ion-channeling effects are absent in our fits. The 90% C.L. regions of interest are shown in Figs. 1, 7 and 8, respectively.
CoGeNT
For the CoGeNT experiments, we use the data and errors given in Fig. 23 
is the flat background, and Φ(E 1 , E 2 , E nr ) is the factor given in Eq. (20) with s(E nr ) = E nr , which takes into account the resolution of the experiment. For the CoGeNT data [12] below 10 keV, the energy resolution σ can be determined by
where σ n = 69.4 eV, η = 2.96 eV, F = 0.29, and E nr is the recoil energy in the unit of eV.
XENON10
XENON10 is a liquid xenon time-projection chamber, detecting the interaction of WIMP and xenon nuclei via the primary scintillation photons S1 and electrons S2. In Ref. [22] , the XENON10 Collaboration only made the use of the electron signal S2 to detect the WIMP-induced NRs so that the experiment was very sensitive to the low-energy WIMPnucleus recoils with the threshold E nr ∼ 1 keV. Note that at such low NR energies, the primary scintillation signal is nearly absent. Following the Collaboration, we only adopt the highlighted events presented in Fig. 2 of Ref. [22] as the NR candidates, which lay in the region from 5 to 35 electrons, corresponding to the NR interval between 1.4 to 10 keV. The NR energy is reconstructed with the electron yield Q y (E nr ) = n e /E nr , shown as the solid curve in Fig. 1 , by assuming a sharp cutoff at E nr = 1.4 keV. We choose a flat efficiency of ǫ = 94% over the whole energy range, and use a parametrization of the detector energy resolution R(E nr ) = E nr / Q y E nr . The expected event number in the energy range [E 
where the exposure of the analysis in Ref. [22] is Ex = 15 kg-days. We apply the p max method of Yellin [64] to obtain 90% C.L. exclusion curves in Figs. 1, 7 and 8.
XENON100
With an exposure of Ex = 225 × 34 kg-days, the XENON100 Collaboration has reported [23] two candidate events with the NR energies of 7.1 keV nr (3.3 photoelectrons (phe)) and 7.8 keV nr (3.8 phe) in the benchmark WIMP search region S1 ∈ [3 phe, 20 phe].
Following Ref. [24] , the event number in the S1 range [S1 a , S1 b ] is taken as that in Eq. (28),
where, for XENON100 experiments, the S2 efficiency ǫ S2 (E nr ) is the red dashed line in Fig. 1 [23] with a hard cut at 3 keV, while the other cut acceptance ǫ(S1) as the multiplication of the dotted green and blue curves in the same plot. The averaged expected signal S1 given the NR energy E nr , denoted by ν(E nr ) in Eq. (28), is also parametrized as that in Eq. (29) . For the XENON100 analysis, we pick S ee = 0.58, S nr = 0.95, L y = 2.28 phe/keV ee , and L eff (E nr ) as an interpolation of the solid curve in Fig. 1 of Ref. [67] , while σ PMT = 0.5 phe is the resolution of a single PMT used in the experiments. We set the 90% C.L. exclusion curves in Figs. 1, 7 and 8 with the maximum gap statistic test method [64] .
CDEX-1
The CDEX-1 experiment has a p-type point contact germanium detector, similar to the CoGeNT experiment, which can directly probe and constrain the CoGeNT signal region without any ambiguities. Our analysis is based on the 53.9 kg-day data presented in Fig. 3b of Ref. [25] . We assume a perfect efficiency and a perfect resolution due to the excellent performance of the detector. A flat background is also yielded from Fig. 3b of Ref. [25] , and the quenching factor for germanium NRs is taken from Ref. [70] . The 90% exclusion limits are obtained by performing the binned Poisson method [71] with bins of 0.1 keV ee in
Figs. 1, 7 and 8. Recently, the CDEX Collaboration has updated the WIMP search data and the exclusion limits for the WIMP-nucleon spin-independent and spin-dependent cross sections with a larger exposure of 335.6 kg-days [26] . However, the improvement of the spin-independent limit is mild, especially at the low-mass region which is the main focus of the present paper. Clearly, the final results do not change much due to this new data release.
